Phosphorothioate (NTPαS) analogues were incorporated into the HDV genomic ribozyme by transcription with T7 polymerase. The introduction of a sulfur in place of the pro-Rp oxygen at the phosphate 5′ to positions A 64 , A 63 , A 43 , U 27 , G 62 , C 61 , C 44 , C 41 , C 22 and C 21 appeared to inhibit self-cleavage activity of the G73 genomic ribozyme. Except for position C 22 , elevated levels of Mg 2+ rescued the reaction to various extents. When the sites were identified in the RNA sequence, they were clustered in three distinct regions that, in the secondary structure models, are predicted to be primarily single-stranded. Two of these regions have been proposed to form extensive interactions that are thought to involve a homopurine base pair. The third region is thought to be directly associated with assembly of the cleavage site.
INTRODUCTION
Sequences derived from the genomic and anti-genomic RNA of the hepatitis delta virus (HDV) undergo self-cleaving activity in vitro in the presence of divalent cations (1, 2) . Both the genomic and anti-genomic forms generate a 2′,3′ cyclic phosphate and a 5′ hydroxyl group characteristic of ribozymes of this type (1) (2) (3) . Despite the mechanistic similarities between the HDV and other self-cleaving RNA molecules, the folding of the HDV RNA can not be accommodated by those structures proposed for the hairpin or hammerhead ribozymes (4) (5) (6) (7) . Currently, a number of secondary structure models have been advanced, including a pseudoknot that is based on the similarities between the anti-genomic and genomic self-cleaving sequences (8) . Single mutations that disrupt proposed secondary structure formation result in a loss of catalytic activity, and double mutations (pseudo-revertants) that restore proposed secondary structure and the associated self-cleaving activity support the pseudoknot structure. However, a detailed description of both the structure and mechanism of this ribozyme awaits either a crystallographic or NMR structural analysis.
In order to further our understanding of how the chemical groups on the HDV RNA contribute to its folding and catalytic activity, we have analyzed the effect of singly-substituted phosphorothioates on the catalytic activity of the HDV genomic RNA. All sites identified by this approach are located in three distinct regions of the RNA that are single-stranded in the pseudoknot secondary structure models. Substitutions that affected self-cleaving activity were fully or partially rescued by increased salt concentrations, with one exception. The clustering of the sites and the sensitivity to divalent ion concentrations support the model proposed by Been and Perrotta in which the association of two of the regions allows the formation of a homopurine base pair (9) . The third region may be required for the assembly of the catalytic site of the ribozyme. Our results differ from work previously reported (10) and the reason for these differences may be associated with phosphorothioate concentrations used.
MATERIALS AND METHODS

RNA preparation
Plasmid pSD(X), constructed by Martin Belinsky (11) , was linearized by digestion with Eco109I (New England Biolabs). The solution was extracted with phenol-chloroform, ethanol precipitated, dried and resuspended in an appropriate volume of TE buffer. Template DNA (50 µg/ml) was transcribed wtih T7 RNA polymerase purified from an overproducing clone (gift of W.Studier) according to previously published methods (11) . Uniformly labeled transcripts were prepared by including 1-3 µl of [α-32 P]GTP (10 µCi/µl; Amersham Life Sciences).
Transcripts containing, on average, one phosphorothioate per molecule were prepared by an appropriate mixture of NTPs and NTPαS (Dupont) in the transcription reaction. For each substitution reaction, one of the four NTPs was replaced in the transcription reaction with a mixture of one part NTPαS to X parts of the NTP, where X is the total number of that nucleotide in the molecule (12) . (CMP) from USB was added in 50 mM Tris-HCl pH 8, 10 mM MgCl 2 , 15 mM DTT and incubated at 37_C for 30 min in the presence of 30 U T4 polynucleotide kinase in a total volume of 50 µl. The reaction was stopped by heating to 70_C for 10 min. Between 1 and 4 µl of pCp was used to end-label up to 10 µg unlabeled RNA in a 50-75 µl reaction. This reaction included 0.1 mM ATP, 50 mM HEPES pH 7.5, 3.3 mM DTT, 15 mM MgCl 2 , 10% dimethylsulfoxide and 10 U T4 RNA ligase (New England Biolabs). Reactions were incubated on ice for up to 16 h, stopped by the addition of an equal volume of loading dye, and the RNA was purified on 15% denaturing polyacrylamide gel. End-labeled RNA was visualized by either autoradiography or by UV-shadowing, and the bands were excised. Gel slices were crushed and the RNA was eluted overnight at 4_C in 0.1% sodium dodecyl sulfate/1 mM EDTA. The extracted RNA was ethanol precipitated.
3′-End labeling of RNA
RNA hydrolysis
Cleavage using iodoethanol was achieved by the addition of 2-iodoethanol (Aldrich) to a final concentration of 10% followed by incubation at 95_C for 4 min (13) . The tubes were cooled on ice and analyzed on a 20% denaturing polyacrylamide gel.
To generate a sequence ladder, the end labeled RNA was treated with 50 mM Na 2 CO 3 /NaHCO 3 . Tubes were placed in a boiling water bath, with the heat turned off, for 5-7 min followed by a 1-2 min incubation at room temperature. Reactions were quenched by adding TE and placing the tubes on ice. Stop dye was added and appropriate quantities were loaded on to a polyacrylamide gel.
Self-cleaving reactions
Uniformly labeled RNA transcripts in TE buffer were prepared as described above. The cleavage reaction was perfomed as previously described (11) . Results were visualized by autoradiography and the extent of cleavage was determined by densitometric analysis.
In the first experimental scheme, the ribozyme G73 was randomly substituted with, on average, one phosphorothioate per molecule using T7 RNA polymerase at 37_C for 30 min. Transcription conditions included 6 mM MgCl 2 and 2 mM spermidine and other factors essential for the transcription process (see above). The extent of self-cleavage during transcription is between 45 and 55%, approximately equal amounts of the full-length precursor and 70 nt 3′ cleavage product were obtained. This 3′ cleavage product is termed PRO1.
Following gel purification, these two populations of RNA were 3′-end-labeled. End-labeling conditions included 15 mM MgCl 2 and other factors essential for the reaction (see above). In the presence of higher Mg 2+ concentrations, the full-length precursor RNA underwent additional hydrolysis and generated more product molecules. To combat further hydrolysis, 3′ labeling latter reaction was performed at 4_C for 12-16 h. This ensures that while most of the RNA gets efficiently end-labeled, excessive self-cleavage is prevented and sufficient amounts of both the full-length G73 precursor as well as product molecules are obtained. Following gel-purification, approximately equal amounts of 3′-end-labeled full-length precursor (PRE) and 70 nt 3′ cleavage product (PRO2) were obtained.
In a second experimental scheme, purified precursor was, after transcription and labeling, re-purified by PAGE, the precursor was then subjected to self-cleavage reactions. The RNA was dissolved in TE pH 8.0 and to this was added magnesium to a final concentration of either 6 or 15 mM. The resulting populations of precursor and product were treated as described above to identify sites of substitutions in the RNA.
RESULTS AND DISCUSSION
Phosphorothioates are well-suited for probing the RNA backbone since the net charge of the phosphate is not altered and the length of the phosphorus-sulfur bond is similar to its natural counterpart. This analogue is thought to perturb RNA structure, and hence function, by its ability to diminish hydrogen bonding or by affecting the binding of metals necessary to support catalytic activity (14) (15) (16) (17) (18) . In the latter case, the presence of a sulfur atom is thought to weaken the interactions to magnesium by 4 orders of magnitude (18) . Recent work by a number of groups has demonstrated the utility of phosphorothioates for studying structure-function relationship in vitro as well as the stability of ribozymes in vivo (12, (19) (20) (21) .
Insertion of the phosphorothioate results in the replacement of the non-bridging phosphate oxygen atoms with a sulfur and, because the reaction proceeds by inversion, only the Rp configuration is formed (14, 22) . By adjusting the relative amounts of a given NTP and its NTPαS counterpart in the transcription mixture, the extent of phosphorothioate modification of the transcript can be controlled, resulting in fully or partially thio-substituted RNAs.
We have used a mixture of the phosphorothioate and its normal counterpart that incorporates the phosphorothioate at a rate of one per molecule at a random position in the RNA. The genomic HDV ribozyme called G73 was analyzed, this ribozyme has 3 nt upstream and 70 nt downstream of the self-cleavage site. There are several advantages in using this molecule for the phosphorothioate interference assay. The ribozyme has a t 1/2 of 10-15 min as opposed to 1-3 min found for other more active constructs which allows better control of the conditions required for analysis (23) . The construct has no vector sequences and a significant section of Stem IV has been removed, thereby simplifying the analysis of this ribozyme and its cleavage products.
Because this ribozyme undergoes significant cleavage during transcription and labeling of the RNA, analysis of precursor and product were carried out at different stages. In the first experimental approach, we observed that significant levels of PRO1 were produced during transcription. Subsequent 3′ labeling, which requires 15 mM Mg 2+ , also resulted in additional product (PRO2). We therefore analyzed the products of each cleavage event, as well as the precursor that remained after the two reactions. A second experimental approach was to isolate the precursor that remained after transcription and labeling and then subject it to a standard cleavage reaction in the presence of either 6 or 15 mM Mg 2+ in the absence of any other factors.
Cleavage during transcription and 3′ labeling
The results from the first experimental approach are shown in Figures 1 and 2A and B. Figure 1 displays the interference assay for ATPαS and UTPαS and Figure 2A and B shows those for GTPαS and CTPαS. The ratio of intensities of precursor and product are listed in Table 1 .
Depending upon the location of the phosphorothioate, the modified ribozymes manifest four levels of self-cleaving activity, ranging from minimal effect to total inhibition of the cleavage reaction. Restoration of self-cleaving activity by increased magnesium concentrations are among the criteria used to classify the above responses. Substitutions at positions A 42 , U 23 and U 37 display the first type of activity because they were minimally affected by thio substitutions (note: all sites are 5′ to the position indicated). For example, at position U 23 (Fig. 1, UαS, lanes 1-3) the intensity of lane 1 is 1.7 times greater than that of lane 2 as measured by densitometry. Thus, during transcription of RNA, amounts of precursor are greater than product. However, when the magnesium concentration was increased, for the labeling reaction (lane 3), equal intensities were observed for lanes 1 and 3, indicating that the phosphorothioate at this position only required a greater concentration of divalent cations to function at the same level as the natural ribozyme represented by lane 1. 
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A second class of substitutions were identified at positions A 43 , A 63 , A 64 , U 27 and C 61 (Figs 1 and 2A, compare lanes 1 and 2) . During transcription, minimal or no cleavage was observed, but during the labeling reaction there was a return to wild-type cleavage levels as indicated by the intensity of the bands at these individual sites (compare lanes 2 and 3). 
A third group, RNA with substitutions at sites G 62 , C 41 , C 44 and C 21 , were unable to cleave during transcription and were minimally cleaved during the labeling reaction under the higher magnesium concentration ( Fig. 2A, lanes 1 and 2) , although in the case of C 21 minor improvements were observed in the self-cleaving activity (Fig. 2B) (note: bands identified at C 41 and C 44 migrate as doublets. This does not appear to be related to the homogeneity of the RNA population as all other bands migrate as singlets. Rather, we attribute this to subpopulations of identical RNA that migrate differently in gels. Similar problems are observed at positions A 42 and A 43 ). Finally, phosphorothioate substitution at one site, C 22 , resulted in an RNA incapable of any self-cleaving activity under any of the conditions used in this work (Fig. 2B) .
Interference assays after cleavage in 6 and 15 mM MgCl 2
We have carried out a series of experiments on the precursor RNA isolated after transcription and labeling (data not shown) in which the cleavage reaction was incubated in TE buffer using either 6 or 15 mM MgCl 2 at 37_C. The reaction was allowed to proceed until product accumulated to 50%. Full-length precursor and 70 nt 3′ product for each reaction condition was isolated by gel purification, the individual populations cleaved with 10% iodoethanol, and each sized by gel. Figure 3A and B shows the interference assay for A and U substituted precursor cleaved at 6 (Fig. 3A , left) and 15 mM (Fig. 3B, right ) . Figure 4A and B shows the interference assay G and C substituted RNAs.
The results for these experiments paralleled those obtained from the first experiments but with minor variations. Three positions, A 42 , U 23 and U 37 , which were shown to play a minor role in the self-cleaving activity in the initial experimental approach, were also not essential for self-cleaving activity in these experiments (Fig. 3A) . This is evident through comparing the precursor (lane 1) with the product (lane 2) for the respective sites, which showed equal intensities at both salt concentrations.
Two other sites proved to be salt sensitive. A 43 and A 63 ribozymes accumulated to a greater extent in the precursor in 6 mM Mg 2+ (Fig. 3A) , while an equal distribution of precursor and product was observed in the 15 mM reaction (Fig. 3B) . Thus, cleavage of RNAs with phosphorothioate substitutions at these positions are salt-sensitive.
The remaining ribozyme populations, which have modifications at sites A 64 , U 27 , G 62 , C 41 , C 44 and C 61 , always accumulated more in the precursor than in the product, although the ratio of precursor to product was dependent on the various salt conditions used for the individual reactions. For example, while there was a modest redistribution of intensities at position U 27 at 15 mM Mg 2+ (Fig. 3B, lanes 1 and 2) , as compared to the 6 mM concentration (Fig. 3A, lanes 1 and 2) , precursor band intensities are always greater than the product ones. The same is true for the A 64 , site which remained relatively unaffected by the increased salt concentration; the intensity of this band is greater in the precursor population than in the product population (PRE/PRO = 3.8 at 6 mM Mg 2+ and PRE/PRO = 2.2 at 15 mM Mg 2+ ).
The observed cleavage activity of the A 64 phosphorothioate substituted RNA is interesting when compared to the first experimental procedure used. In that experiment, the band at A 64 , found in the PRO2 lane (Fig. 1, lane 3) had the same intensity as that of the precursor, indicating no special requirements are needed to sustain self-cleavage activity in conditions that allow for labeling. This is clearly not the case for the RNA formed during transcription since no PRO1 is detected when the A 64 site is substituted with the phosphorothioate (PRE/PRO1 = 8.9). This apparent discrepancy between the two experimental assays is probably related to the conditions used for assessing activity. It should be emphasized that, during end-labeling, a number of other factors are introduced to support the labeling process and their presence may inhibit or facilitate the self-cleaving reaction. Another possibility is that transient structures kinetically favored during transcription could be formed and either inhibit or enhance cleavage activity based on the presence and location of the substituted phosphorothioate. Thus, as observed at this position, some inconsistencies in cleavage activity will be evident, depending on the procedure used. Overall, however, the two experimental protocols have revealed an underlying series of important sites in the RNA.
The effects of C 21 and C 22 substitutions were not analyzed by the second experimental procedure, since their resolution is difficult and because C 22 was already shown to render the ribozyme unreactive when substituted with the sulfur analogue.
A similar but not identical form of the ribozyme from the genomic HDV RNA was analyzed using phosphorothioate analogues (10) . Approximately 20% modified nucleotide was mixed with natural triphosphate, added to a transcription mixture and incorporated into genomic HDV ribozyme. A comparison of our work to theirs reveals some similarities. The C 22 site, for instance, is common to both studies, as is C 41 , C 44 and G 62 . However, the dissimilarities are also revealing, since Nishikawa and colleagues detected many sites that are not evident in our work. For example, all the G phosphate sites between positions 24 and 35 of the ribozyme, when substituted with the phosphorothioate analogue, were shown to be necessary for optimal self-cleaving 
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activity. None of these sites appeared in our analysis. One possibility that would explain the dissimilarities is that different HDV ribozymes were used. We have deleted most of Stem IV, have a slightly different Stem II (nt 10-15 paired with nt 65-70, see Fig. 5 ) and have removed most of the vector nucleotides at the 5′-end, all the remaining nucleotides are identical. One could argue that the these changes may result in the different phosphorothioate sites detected in our work, especially since these alterations result in a slower cleaving ribozyme. While this possibility cannot be formally excluded, this is unlikely since no essential phosphate sites by either group have been found in any of these regions that have been altered or deleted. A second and more likely possibility is the greater relative amounts of phosphorothioates per molecule used in their assay as compared to ours. Given that the Nishikawa group introduced a concentration of phosphorothioates that should lead to multiple substitutions in the RNA (10), interpretation of their data based on the 'single hit per molecule' assumption is problematic. The use of multiple substitutions has been used as a means of detecting phosphate requirements in the Tetrahymena Group I intron (20, 24) . Through this work many 'secondary sites' that bind metal and contribute to catalytic efficiency were defined. Consequently, it is not surprising that the work by Nishikawa notes a similarity between the alkylation interference studies (11) and their phosphorothioate experiments which is likely to be associated with metal binding. Because our experiments are designed to introduce single substitutions at the various sites, the positions we analyzed reflect individual contributions to the ribozyme activity. When these sites are mapped in the proposed secondary structure models (8, 25) , three regions emerge as necessary for optimal self-cleaving activity. In one model (23) , most of the sites are situated in the single stranded regions of the RNA. In the second model, the pseudoknot (Been), all sites identified here are in the single-stranded regions of the ribozyme designated J1/4, J4/2 and L3 (see Fig. 5 ).
Given the assemblage of sites required for self-cleaving activity, how can we interpret these data? Recent work by Been and Perrotta has provided new insights into the folding of the RNA that bear directly on the interpretation of our work (9) . They have shown that non-canonical pairing between 2 nt in each of two single stranded regions called J4/2 and J1/4 is necessary for activity in the HDV ribozyme. Specifically, a homopurine interaction is proposed for both the anti-genomic and genomic RNA, although the evidence is much stronger for the anti-genomic ribozyme. These two regions are the same ones shown in this work that, when substituted with phosphorothioate analogues, reduce activity of the ribozyme to varying degrees. The ability to reconstitute some activity using higher cation concentrations probably reflects a greater degree of instability when substitutions are introduced in regions having non-canonical base pairs that in turn are stabilized by a higher salt concentration.
Our results are expected if this region has unusual backbone requirements proposed for homopurine pairing in RNA. In the case of the Rev Response Element (RRE) which contains homopurine base pairs and whose structure has been elucidated by NMR, an unusual arrangement of the phosphate is noted in the area surrounding the homopurine sites when the REV peptide is bound (26) . Based on that work, Been and Perrotta hypothesize that the HDV ribozyme also contains unusual structural features that contribute to the catalytic activity of the HDV, assuming that these two single-stranded regions associate in the absence of other factors. Additional support for this hypothesis comes from thermodynamic and structural studies performed by Turner and coworkers (27, 28) . Using defined sequences that force the formation of homopurines, they have demonstrated that non-standard base pairing leads to unusual backbone structures (28) . Logically, substitutions of sulfur for oxygen at specific phosphoryl sites within such a region would affect the structural arrangement. This is consistent with effects described in this work.
The third region, called L3, contains two C residues at positions 21 and 22 that are important for efficient catalytic activity. The residue at C 22 when replaced by the phosphoryl analogue showed little or no activity. These results agree with those of Nishikawa (10), although they identified only 1 of the 2 nt shown in this work to be necessary for ribozyme activity. The magnitude of the effect observed upon catalytic activity in the presence of the thiophosphate indicates that these sites are in close proximity to the active site and may help stabilize essential metals required for catalytic activity.
